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Abstract 
A mathematical model of a transport reactor has been developed and implemented with the software Athena Visual 
Studio. The one-dimensional, steady state model takes into account kinetics and hydrodynamic effects. The reactor 
has been divided into three zones: the acceleration zone, the fully developed zone and the exit zone. Empirical 
correlations are used to describe the different regions, with particular reference to the axial voidage profile. The 
unreacted shrinking core model with variable effective diffusivity is applied to determine the sorbent conversion and 
the reaction rate. Two different sorbents were investigated: zinc titanate, considered as one of the most promising 
mixed metal oxide and calcium oxide as natural material. The differences, in terms of operating temperature and 
desulfurization efficiency, are discussed. Finally, to estimate the advantages of the described alternatives, they have 
been included in an Integrated Gasification Combined Cycle (IGCC) and simulated by the software package 
Thermoflex. The results show an interesting enhancement of the efficiency up to 3% accompanied by a simpler 
system configuration. 
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1. Introduction 
Gasification of coal with air or oxygen produces so called syngas or producer gas, mainly composed of 
H2, CO, CO2, H2O, CH4 and various contaminants such as NH3, H2S and COS. In order to use the syngas 
for the electricity production without harming the downstream technologies and the environment, removal 
of sulfur compounds is necessary. Amine-based absorption processes are currently considered as state-of-
the-art. In spite of their excellent desulfurization efficiency, this strategy is thermally inefficient, since it 
requires the gas to be cooled below the dew point and then reheated downstream. Thus, alternative 
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solutions, operating at higher temperature, would be interesting in order to avoid gas cooling and the 
related heat exchangers. A review of the most used methods for hot gas desulphurization (HGD) is 
available in [1], where both in situ and external sulphur capture are discussed. This work is focused on the 
external desulphurization and in particular, on the analysis of a chemical looping process and its effect on 
the overall power plant performance. A proper model is necessary in order to obtain reliable results. 
Because of the relatively recent application of chemical looping for HGD, an accurate description of the 
process in commercial software is not available. Thus, a numerical approach has been used and a model 
of a transport reactor has been developed and solved in the Athena Visual Studio software. 
 
Nomenclature 
A reactor cross sectional area (m2) 
av external particle surface area per unit reactor volume (ms
2/mr
3) 
b moles of reacted sorbent per mole of gas 
Cp heat capacity (J/(mol K) 
n molar flow rate (mol/s) 
h gas-solid heat transfer coefficient (W/(m2 K)) 
ΔH enthalpy of reaction (J/mol) 
R reaction rate (mol/(kgs s))  
T temperature (K) 
z axial coordinate (m) 
ε bed voidage 




2. Chemical looping desulfurization 
Chemical looping has gained in few decades increasing attention of the scientific community. This is 
also due to the wide range of applications [2]. From a general point of view, a regenerative solid sorbent 
circulates alternatingly between two reactors. In this specific case, using chemical looping for hot gas 
desulfurization, the sorbent, usually a metal oxide, is brought in contact with the syngas and is converted 
into its sulfide. In the next step, the sorbent is regenerated with air so as to restart the cycle. The system 
consists therefore of two reactors: the regeneration and the desulfurization reactor. In this work, the 
chosen reactor type is a transport reactor, i.e. a riser. 
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Many authors have been performing thermodynamic calculations in order to determine the most 
suitable metal oxide sorbents. From the studies of Westmoreland [3] the most promising ones turned out 
to be Zn, Cu, Fe, Mo, Ba, Ca, Mn. Every sorbent has its own advantages and limitations which can be 
overcome by adding a supporting material, so as to limit sorbent degradation by increasing the 
mechanical stability. According to Elseviers [4], zinc-based sorbents, and among them mainly zinc 
titanate (Zn2TiO4,), are the most effective for intensive desulfurization, allowing low residual H2S 
concentration of the order of few ppm to be reached at temperature of 500-650°C. Due to its properties, 
zinc titanate will be used in the developed model. 
A rather cheap alternative is represented by CaO based sorbents, stable in a temperature range of 800-
1200°C. Due to the operating temperature, typical for many gasifiers, CaO is usually added directly to the 
gasification chamber for an in situ desulphurization. Studies performed by Jagtap [5] and recently by Ju 
Wang et al. [6] evaluate sorbent regeneration in order to use it in a chemical looping process. 
3. Model description 
The transport reactor was assumed to be adiabatic, steady state and one dimensional. Both solid and 
gas phase hydrodynamics are considered as plug flow. To determine the concentration profile of the 
syngas components, along the reactor, the mass and energy balance for both phases are solved within 
Athena Visual Studio software. The following equations describe the heat and mass balances for both 
phases: 
 
 = b R 1s sdn dz AU H                                                                                                                   (1)  = R 1g sdn dz AU H                                                                                                                       (2)  s = 1 h ( )  ps s s s g vn C dT dz H R A T T a AU H'                                                                       (3) 
g = h ( )pg g v s gn C dT dz a A T T                                                                                                         (4) 
3.1. Kinetics 
To determine the reaction rate, different models are available in literature. In spite of the great variety 
they are actually following two tracks: the grain model or the shrinking core. The latter, proposed by Yagi 
and Kunii [7], was applied to zinc titanate and modified by Konttinen et al. [8], introducing a variable 
effective diffusivity to consider the structural changes of the sorbent. The grain model, instead, has been 
described by Szekely [9] and later modified by Ranade and Harrison [10] to include property variation as 
a consequence of both reaction and sintering effect. In this work, the modified version of the shrinking 
core model discussed by Konttinen et al. [8] has been used. In spite of its simplicity, it allows to 
reproduce experimental results with good accuracy, ensuring the possibility to easily include the model 
into power plant simulations because of the low computational time required. 
3.2. Hydrodynamics 
Experimental evidence suggests that the solid fraction is not constant along the reactor. This aspect has 
been investigated by many authors and a detailed review is available in [11]. It is possible to distinguish 
three regions: acceleration, fully developed and exit zone. In order to model the reactor, these zones 
should be properly described. In this work, the empirical correlations proposed by Shadle [12–14] have 
been implemented, obtaining the voidage profile shown in Fig.1 for different solid mass flux. 
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Fig. 1. Voidage profile along the reactor for a gas flow rate of 0,087 m3/s at a pressure of 2 MPa. 
The C-shape profile, evident in fig. 1, is typical of reactor with abrupt exit. 
4. Results and discussion 
On the basis of the described model, the performance of gas desulfurization in a riser has been 
analysed. The operating conditions have been assumed to be pressure of 2.0 MPa and temperature of 
550°C. 
 
Fig. 2. H2S concentration and ZnO conversion along the reactor for solid mass flows of 45, 125 and 540 kg/m2 s, at a pressure of 2 
MPa, a temperature of 550°C and incoming H2S concentration of 3400 ppm. 
Fig. 2 underlines the strong influence of the solid flux on both H2S concentration and ZnO conversion. 
It can be noted that decreasing the solid mass flux, ZnO conversion increases. This result is expected 
since the sorbent conversion is proportional to H2S concentration, which is actually higher along the 
reactor when the amount of sorbent introduced decreases. For low amount of sorbent flux, as observed by 
Monazam and Shadle [13], H2S cannot be removed until the desired levels. It is also interesting to see that 
the sorbent conversion is lower than 2% in all cases. The situation is different for an efficient use of 
calcium oxide. If it is used as a non-regenerative sorbent, for an in situ desulfurization, a high sorbent 
conversion is required. As underlined by Fenouil [15], CaO reaction is limited by thermodynamic 
equilibrium. For typical gasification conditions, the H2S concentration at equilibrium is around 300 ppm, 
not enough to satisfy the requirements. Thus, an external desulfurization process has to be added. A 
detailed economic analysis would be necessary in order to evaluate the two solutions: intensive external 
desulfurization with zinc titanate or in situ CaO for bulk H2S removal followed by zinc titanate absorption 
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of residual H2S. In the former case, the main cost is represented by the sorbent, whilst in the latter, the 
cost will depend on the amount of zinc titanate still needed but also on the disposal problems of the large 
quantities of CaS produced, which is not stable at ambient conditions. A univocal answer is difficult to 
find, as it depends on the H2S final concentration required and the gasification conditions, which strongly 
affect the inlet H2S concentration in the riser and thus the reaction rate. Fig. 3 (a) shows how, for the same 
amount of solid flux, the reaction rate decreases at lower H2S initial values. On the other hand, to obtain 
the same H2S emission at the riser outlet, for an initial value of 300 ppm compared to the other ten times 
higher, the required zinc titanate is lower than the 40%, as fig. 3(b) shows. 
 
 
Fig. 3. (a) shows the H2S concentration for an initial value of 300, 3400 and 10000 ppm with a constant solid flux of 125 kg/(m2 s); 
(b) shows the H2S concentration and the sorbent conversion along the reactor for an incoming concentration of 300 and 3400 ppm 
and solid mass flux respectively of 72 and 125 kg/(m2 s) in order to have the same H2S exit concentration. 
5. Chemical Looping application to an Integrated Gasification Combined Cycle. 
An integrated gasification combined cycle (IGCC) power plant has been simulated with the software 
package Thermoflex in order to investigate the difference between cold and hot gas desulfurization (CGD 
vs. HGD). The two systems have been compared, showing a reduction of coal needed for the same gas 
turbine power production, as well as an increase of the overall efficiency of about 3.5%. The enhanced 
efficiency is due to both increased hot gas efficiency and the more efficient heat recovery at low pressure 
(LP), where heat losses due to steam consumption for the acid gas removal unit (AGR) are avoided, (see 
Table 1). These results are in agreement with that obtained by Giuffrida [16]. 
Table 1. Results of simulations 
Analyzed case studies CGD HGD 
Net fuel input [MW] 371,6 339,5 
Net electric efficiency[%] 43,4 47 
Steam Turbine (LP) [MW] 38,2 39,98 
Steam Turbine (HP) [MW] 28,8 24,9 
6. Conclusions 
Chemical looping is a promising technology to increase the efficiency of IGCC plants and fulfill at the 
same time the more and more stringent regulation about pollutant emissions. Particularly, the aim to 
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remove sulfur to avoid corrosion phenomena in the gas turbine and to respect the limiting values for 
emissions can be pursued through the chemical looping technology, ensuring high removal efficiency, 
less complex power plant and an increase of 3.5% of the overall efficiency. Further investigation is 
needed in order to evaluate the possibility of using chemical looping in a second step after the in situ 
gasification. 
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